Introduction
The solar wind He/H abundance ratio is the best known solar wind compositional parameter. The He ++ (alpha) particles in the solar wind were rst identi ed as the source of the second peakin the Mariner 2 solar wind energy-per-charge spectra by assuming that they traveled at the same speed as the protons Neugebauer and Snyder, 1966] . Subsequent work shows that the solar wind helium abundance with respect to hydrogen varies from less than 0.1% to greater than 35%, with an average value of 5% e.g. Ogilvie et al., 1989] . Average values vary from 3-5% over a solar cycle, with larger values near solar maximum Ogilvie et al., 1989] . Feldman et al. 1978] show that the solar cycle variation occurs mainly in the slow, dense component of the solar wind. Feldman et al., 1978] found that he solar-rotation averaged He ++ /H + temperature ratio is generally 4-6, but that this ratio decreased when densities are high. Klein et al., 1985] demonstrate that the temperature ratio decreases when the proton temperature is low and attribute this to increased coulomb collision e ciency. Very low He ++ /H + ratios are observed in the plasma sheet associated with ow from coronal streams, with values as low a s 0. 02 Borrini et. al, 1981] . Helium abundance enhancements (HAEs), at the other extreme, are often related to transient ows associated with solar ares or CMEs Hirshberg et al., 1972 Borrini et al., 1982 . They occurinfrequently, with the helium abundance ratios sometimes exceeding 0.35. HAEs often occurin clusters and their frequency varies with the solar cycle they are associated with large jBj, low temperatures, and small di erences in the alpha-proton velocity Borrini et al., 1982] . All of the above conclusions are drawn from observations near the ecliptic plane in the inner heliosphere (e.g. 5 AU). Launched in 1977, Voyager 2 continues to explore the outer heliosphere and is currently about 60 AU from the Sun and at 22 south heliolatitude. Figure 1 shows the Voyager 2 distance and heliolatitude versus time. Despite the low density of the solar wind at these distances, the Plasma Science experiment (PLS) has recently detected HAEs in which the alpha percentage is 10%.
We search the Voyager 2 high resolution spectra from 1977-1999 for HAEs. The alpha and proton peaks are then t using convected isotropic Maxwellian distributions. In the present study, a He ++ /H + ratio of at least 10% was chosen (following Borrini et al., 1982] ) as the cuto to de ne \helium enhancements". To beincluded in this study, the helium abundance had to remain elevated for at least 12 hours and have a peak helium/proton ratio 10%. In the following sections, we discuss the long-term variation of HAEs with the solar cycle and their association with solar wind speed, density, temperature, magnetic eld, and interplanetary shocks. The He ++ /H + temperature ratio is also examined.
Data
Voyager 2 has made solar wind observations since launch in 1977. Although the nominal detector threshold of the MIT PLS experiment is 3 10 ;15 A, current noise levels reduce the actual threshold to about 3 10 ;14 A. In practical terms, the detector can measure solar wind ion charge densities above about 1 ; 2 10 ;4 cm ;3 the lowest proton densities detected to date are 2 10 ;4 cm ;3 , although for a 3 day period in 1996 the density fell below the instrument threshold. Alpha particles are routinely observed in the inner heliosphere, but the low densities in the outer heliosphere cause their detection to be less common in recent data. In 1999, however, we observed a n umberof HAE events. The PLS instrument is an electrostatic analyzer and thus can establish the energy percharge, E/q, of the ions it measures. The alpha particles lie at twice the energy-per-charge of the protons, so their identi cation is relatively easy. Figure 2 shows a spectrum from one of the four PLS detectors from June 1999. The proton and alpha current peaks shown by the histograms are clear and distinct. The best ts of two isotropic convected Maxwellian distributions to the data are shown by the curves.
In this case the alpha ratio is about 11% and the He ++ /H + temperature ratio is 4.
Observations

Long-term variation of HAES
Voyager 2 has provided more than 22 years of relatively continuous data coverage.
We use this long data base to perform a statistical analysis of HAEs and to investigate their long-term variation, especially their relationship with the solar cycle. We i d e n ti ed a total of 56 HAE events satisfying our criteria these events lasted from 12 hours up to 6 days. HAEs were observed on 92 di erent days the average duration was slightly less than 2 days. The helium abundances and occurrence times are plotted along with the sunspot numberin Figure 3 . The rst day of an event is shown by a cross within a diamond, subsequent days of the same event by empty diamonds. This gure shows that HAE events are sporadic phenomena. They occur infrequently and are detected in only 1.1% of all observations. As discussed above, the Voyager PLS density threshold for detection of the alphas is about 0:5 ; 1 10 ;4 cm ;3 (since they are doubly ionized).
Thus HAEs can only be detected (given our 10% alpha requirement) if the proton density is greater than 0.5-1 x 10 ;3 cm ;3 . The proton densities are often below this value at Voyager's current distance, so we expect this selection e ect might a ect the percentage of HAEs observed with distance. Figure 4 shows the time and normalized alpha density of HAE events. At larger distances, beyond about 20 AU (after 1986), a clear cuto is present at normalized alpha densities below 0.5 cm ;3 . To remove the selection e ect, we look only at times where the normalized proton density is greater than 5 cm ;3 . Figure 5 shows the percentage of days on which HAEs are observed for all data and when the normalized proton density is greater than 5. The two curves track very well, so this selection e ect seems unimportant (we later show that the frequency of HAEs does not depend on density). The HAE occurrence rates are relatively high near solar maximum and low near solar minimum. HAEs tend to occurin clusters.
Of the 56 HAEs detected, 68% were preceded or followed within one solar rotation (25 days) by a another HAE. Large helium enhancement events persist as long as 6 days although these may consist of multiple events at the source, they are treated as a single event in our study. Figure 3 shows that HAEs cluster near solar maximum (e.g., 1980-1982, 1988-1989, and 1999) but are very scarce near solar minimum (e.g. 1986 and 1996) . 
The association of HAEs with solar wind parameters
We investigate the HAE dependence on solar wind conditions. Figure 6 shows a histogram of the HAE occurrence frequency versus solar wind speed. We subset the data by speed, then calculated the percentage of days in each speed range when HAEs were present. The percentage of HAEs is largest when the solar wind speeds are over 600 km/s, although the total numberof cases with speeds above 600 km/s is only 3. Figure 7 shows the HAE percentage as a function of density the percentage of HAEs does not show a systematic variation with density. We also looked at the value of the HAE ratio, but found no dependence of this ratio on speed or density. Borrini et al., 1982] report that HAEs are associated with lower T and higher jBj we see if these relations persist in the outer heliosphere. Perhaps jBj is higher for HAEs near Earth, but that relationship disappears further out in the heliosphere. Regions with high jBj may expand into the adjacent solar wind as they move outwards i.e., Gosling et al., 1994 ] . This expansion would reduce jBj and also adiabatically cool the plasma, consistent with observations.
The Association of HAEs with Interplanetary Shocks
To determine if HAEs are shock-related events, we compared the times of HAE events with shock times observed by Voyager 2. If an HAE event were preceded or followed within 3 days by a shock/discontinuity, we regarded it as a shockrelated HAE event. We nd that 18% HAEs are associated with interplanetary shocks/discontinuities. The HAEs are therefore most often observed with no shock association. However, the HAEs are more likely to beassociated with shocks in the rising phase of a solar cycle (e.g. 1978-80 and 1988-89) . As Voyager 2 g e t s farther from the Sun, the shock motion relative to the plasma probably blurs any original association between shocks and HAEs, much the same way energetic particle enhancements and shocks lose their association in the outer heliosphere Rice et al., 2000] . Examining each HAE event does not reveal fundamental di erences in the character of events associated with shocks as opposed to those not so associated.
The He ++ /H + Temperature Ratio
The 27-day a veraged He ++ /H + temperature ratio varies from 4-6 at Earth Feldman et al., 1978] . As the plasma moves outward the ion energy is a ected by adiabatic cooling, shock processing, and interaction with pickup ions. Figure 9 shows the He ++ /H + temperature ratio in HAEs plotted versus distance from the Sun. This ratio increases with distance, with no values less than 2 observed outside 11 AU. Figures   10 and 11 show how the temperature ratio varies with the density ratio and with the density, respectively. As the proportion of He ++ increases, so does the temperature ratio. The temperature ratio varies inversely with density. This result is also seen at Earth Feldman et al., 1978] . The explanation is probably that protons and alphas are coupled more e ciently in the higher density solar wind.
Summary
In this study, we presented 22 years of observations of helium abundance enhancements taken as Voyager 2 moved from 1 to 60 AU. These observations are summarized below:
1. Helium abundance enhancements are sporadic in the outer heliosphere and are clustered in time. They are detected on 1.1% of the days of Voyager 2 d a t a .
2. The occurrence frequency of HAEs is related to the solar cycle. They occur more frequently and have larger helium/proton density ratios near solar maximum than near solar minimum.
3. The HAEs can occur more frequently when the solar wind speed is over 600 km/s, but are observed for a l l s o l a r w i n d s p e e d s and densities.
4. HAEs are associated with shocks 18% of the time, although they are more likely to be related to shocks in the rising phase of a solar cycle.
5. Proton temperatures are smaller than average during HAEs 6. The magnetic eld strength is not systematically di erent in HAE events.
7. The alpha/proton temperature ratio increases with distance and is less when the normalized density is high.
Some of these results are similar to those obtained with Los Alamos instruments on IMP 6, 7, and 8 at 1 AU during 1972 -1978 Borrini et al., 1982 . Increased alpha abundance has long been recognized as a signature of a CME, along with low temperature and often higher B (which is not observed at the Voyager HAEs). Many of the events we identify as HAEs undoubtably originated on the Sun as CMEs. In fact, enhanced helium densities are probably the best signature for identifying remnant CMEs in the outer heliosphere. Neugebauer and Goldstein 1997] state that alpha ratio hardly ever exceeds 8% except in the vicinity o f a C M E . Other near-Earth signatures of CMEs such as counterstreaming electrons, shocks, and enhanced B m a y e v olve, but it is di cult to change the alpha/proton ratio signi cantly. We note that the abundance of HAEs appears to decrease with distance, with less seen in near the 1996 solar minimum than the 1986 solar minimum. This decrease may bea latitude e ect, since Voyager is now w ell below the solar equatorial plane and thus may miss CMEs which originate near the equator. A future project is to compare the Voyager 2 alpha observations with those of WIND. The variation of the ratio of the alpha/proton temperature is a new result which should provide tests of models of shock and pickup ion heating. The advent of the solar maximum of Cycle 23 has resulted in the reappearance at Voyager 2 of HAEs in 1999. We are expecting more HAE events in the coming year, despite the large radial distance of Voyager 2, as we approach solar maximum. The solid line shows the best linear t to the data (which is not a straight line since it is plotted on a log scale). 
